Musical training and bilingualism benefit executive functioning and working memory (WM)-however, the brain networks supporting this advantage are not well specified. Here, we used functional magnetic resonance imaging and the n-back task to assess WM for spatial (sound location) and nonspatial (sound category) auditory information in musician monolingual (musicians), nonmusician bilinguals (bilinguals), and nonmusician monolinguals (controls). Musicians outperformed bilinguals and controls on the nonspatial WM task. Overall, spatial and nonspatial WM were associated with greater activity in dorsal and ventral brain regions, respectively. Increasing WM load yielded similar recruitment of the anterior-posterior attention network in all three groups. In both tasks and both levels of difficulty, musicians showed lower brain activity than controls in superior prefrontal frontal gyrus and dorsolateral prefrontal cortex (DLPFC) bilaterally, a finding that may reflect improved and more efficient use of neural resources. Bilinguals showed enhanced activity in language-related areas (i.e., left DLPFC and left supramarginal gyrus) relative to musicians and controls, which could be associated with the need to suppress interference associated with competing semantic activations from multiple languages. These findings indicate that the auditory WM advantage in musicians and bilinguals is mediated by different neural networks specific to each life experience.
Introduction
Executive functions refer to processes that are important for the management (regulation and control) of cognitive processes, including working memory (WM), reasoning, task flexibility, and problem solving as well as planning and motor execution. 1, 2 In the past decade, there has been a surge of interest in identifying lifestyle choices or experiences that may enhance executive functions and potentially protect seniors against age-related decline in cognitive functions. [3] [4] [5] [6] [7] Musical training and bilingualism have been identified as two life experiences that may induce long-lasting neuroplastic changes that benefit perception and cognition. In particular, adult musicians and bilinguals often perform better than nonmusician monolinguals in tasks that engage executive functions. [8] [9] [10] For musicians, these findings have been attributed to their training requirements, which involve high levels of concentration, motor control, attention, and memorization. 11 For bilinguals, these findings have been attributed to their need to switch between their two languages and inhibit interference from the other learned language. 12 The recruitment of executive processes for language alters the development and efficiency of these processes for bilinguals, which further improves their language processing into adulthood.
Evidence from behavioral studies has revealed similar benefits of musical training and bilingualism on cognitive control and executive functions. 8, 13, 14 However, from behavioral data alone, it is difficult to determine whether this reflects the engagement of a common anterior attention network needed to successfully complete the task at hand-or distinct patterns of prefrontal activations that are specific to music training and bilingualism. Using scalp recording of event-related potentials (ERPs), Moreno et al. 10 observed distinct patterns of neural activity between musicians and bilinguals during a visual go no-go task in spite of comparable accuracy and response time. These findings suggest differential recruitment of executive control regions in musicians and bilinguals.
To investigate how experience-induced plasticity modulates executive functions, other studies used functional magnetic resonance imaging (fMRI). Musical training and bilingualism have been associated with distinct patterns of prefrontal activation during tasks that engage executive control and WM. For instance, prior fMRI research has revealed greater blood oxygenation-level dependent (BOLD) signals in musicians than in nonmusicians in the left ventral lateral prefrontal cortex, 15 right orbital cortex, 16 and right superior frontal gyrus (SFG). 16 Evidence suggests that differences in prefrontal activation between musicians and nonmusicians are modulated by WM load; 16 as well, these differences are more pronounced for pseudo-music stimuli than speech sounds. 17 Similarly, fMRI studies have shown differences in prefrontal activation between monolinguals and bilinguals in the middle prefrontal cortex, 18, 19 anterior cingulate, 18 left inferior frontal gyrus, 19, 20 and left SFG. 20 The above studies suggest that prefrontal activity generated in tasks that engage WM processes and cognitive control is modulated by musical training and bilingualism. What remains unclear, however, is the extent to which patterns of prefrontal activations observed in musicians and bilinguals reflect the engagement of a common anterior attention network needed to successfully complete the task at hand, or distinct patterns of prefrontal activations specific to music training and bilingualism.
To determine the extent to which musicians and bilinguals engage different executive control regions, we measured brain activity using fMRI while young adult musician monolinguals (musicians), nonmusician bilinguals (bilingual), or nonmusician English monolinguals (controls) performed an auditory n-back WM task for nonverbal everyday sounds (e.g., baby crying and bird chirping). Our WM task involved two n-back conditions and used the same stimuli; only task instruction was manipulated. In one condition, participants indicated, in separate blocks of trials, whether the identity of the incoming stimulus belonged to the same semantic category (e.g., human) as in the previous trial (1-back) or two trials ago (2-back), regardless of its location. In another condition, participants indicated, in separate blocks of trials, whether the incoming stimulus was presented at the same location (i.e., left/center/right) as in the previous trial (1-back) or two trials ago (2-back), regardless of its identity. Based on prior behavioral data showing the advantages of musicians and bilinguals in executive function tasks, 8, 13, 14, 21 we hypothesized that musicians and bilinguals would both outperform controls, but show comparable performance. Furthermore, following from George and Coch 21 and Moreno et al. study, 10 we anticipated differences in the pattern of brain activation between musicians, bilinguals, and monolinguals such that musicians will exhibit greater activation in auditory areas, whereas bilinguals would show different patterns of activity in language areas. All participants completed music and language history questionnaires to assess musical and linguistic background. Musicians were defined as amateur instrumentalists who had received ࣙ7 years of continuous private instruction on their principal instrument (mean ± SD; 13.6 ± 4.5 years), beginning prior to age 13 (7.7 ± 3.5 years). Beyond formal private or group lessons, each was currently active in music practice or ensemble engagement. The majority of musicians had advanced musical training (i.e., undergraduate or graduate degrees in music) and practiced on a daily basis. Requiring musicians to have ࣙ7 years of training increased the likelihood for long-term experience-dependent plasticity and the potential of observing transfer effects of musicianship to other cognitive domains. 4, 11, 22 Nonmusicians did not have formal musical training (besides regular lessons in school) nor were any of them playing an instrument. All participants were right-handed, 23 exhibited normal hearing (i.e., ࣘ25 decibels (dB), hearing level; 500-4000 Hz), and reported no history of neurological disorders. The three groups were also closely matched in age and years of formal education.
Materials and methods

Participants
Monolingual participants spoke Canadian English and had minimal exposure to a second language (L2). In addition to English, bilingual participants spoke Cantonese (3), French (5), German (2), Romanian (1), Mandarin (1), or Farsi (1). Bilingual participants were not born in Canada but immigrated during childhood (ages ranged from 1 to 15 years), except one participant who immigrated at 30 years old and reported having learned English at 8 years of age. All bilingual participants learned L2 before age 12 (M = 6.2 years). Five bilingual reported having English as their first language.
Stimuli and task
Stimuli consisted of meaningful sounds from three semantic categories: human nonspeech sounds (e.g., coughing and laughing), musical instruments (e.g., flute and clarinet), and environmental sounds (e.g., siren and water drop). In each category, 10 exemplars were chosen from a data bank, and pilot testing confirmed that all stimuli included in the study could be unambiguously categorized. All auditory stimuli were edited to have durations of 1005 milliseconds. Onsets and offsets were shaped by first and second halves of an 8-ms Kaiser window, respectively. Stimuli were digitally generated with a 16-bit resolution and a 12.21 kHz sampling rate, passed through a digital-to-analog RP2 converter (Tucker-Davis Technology, Gainesville, FL). They were delivered to the listener at about 85 dB sound pressure level (SPL) (root mean square) by means of circumaural, fMRI-compatible headphones (Avotec, Jensen Beach, FL), acoustically padded to suppress scanner noise by about 25 dB SPL. Stimuli were presented at three possible azimuth locations relative to straight ahead (-90°, 0°, and +90°) using head-related transfer functions that mimic the acoustic effects of the head and ears of an average listener. 24 The experiment comprised four conditions that resulted from the orthogonal combination of WM task (spatial versus nonspatial) and WM load (1-back versus 2-back). Stimuli were presented in pseudo-random draw from the same set of stimuli with each sound category and sound location presented with equal probability. Prior to a block of trials, participants were presented with a visual prompt (e.g., Category 1-back) indicating the target type and task. The prompt appeared 10 s on a screen prior to the start of the block and remained until the start of the first stimulus. For example, when the word-phase "Category 1-back" was presented, participants were required to press a button whenever a sound from the same semantic category was repeated regardless of changes or repetition in sound location (nonspatial WM task). In the spatial WM task, participants responded whenever a stimulus occurred at the same location (left, straight ahead, or right of center), regardless of changes or repetition of sound category. Participants were asked to press a button as quickly as possible using their right index finger only when they heard the target. Participants' responses were registered using an fMRIcompatible response pad (Lightwave Technologies, Surrey, SC, Canada).
Aside from the prompt, the set of stimuli used was identical in all four conditions. Each block lasted 40 s, with a 2-s stimulus onset asynchrony. There were altogether 20 stimuli in each block, including on average five target stimuli (i.e., number of targets ranging from four to six stimuli in each block). Each block of trials was followed by a 30-s rest period in which no stimuli were presented. This on/off sequence was repeated six times in each run for a total duration of 7 min and 44 seconds. Participants performed six experimental runs. The tasks alternated throughout the fMRI run and the order of the tasks was counterbalanced across fMRI scans and participants. In order to familiarize participants with the task, two runs were randomly chosen for practice prior to the fMRI scanning. Participants kept their eyes open throughout all scans.
fMRI scanning and data analysis Participants were scanned using a researchdedicated whole-body 3.0 T MRI system (Siemens Tim Trio-3T software-level Syngo MR 2006 VB13T) with a standard quadrature bird-cage head coil. Structural T1-weighted anatomical volume was obtained before fMRI using SPGR (axial orientation, TR = 2000 ms, TE = 2.6 ms, FOV = 256 mm, slice thickness = 1 mm) for coregistration with the functional images and to ensure that there were no significant brain abnormalities in any of the participants.
Each functional scan sequence began with a 20-s period where no stimuli were presented, followed by six alternations between task and rest periods, the latter serving as a baseline. Functional imaging was performed to measure brain activation by means of the BOLD effect. 25 Functional data were acquired using a whole head T2*-weighted echoplanar image sequence (TE: 30 ms; TR: 2 s; flip angle: 70°; 30 oblique axial slices with interleaved acquisition, 3.125 mm × 3.125 mm × 5 mm voxel resolution; FOV: 200 mm; AM: 64 × 64). Physiological respiratory and cardiac waveforms were recorded from the bellows and photoplethysmograph peripherals on the scanner, respectively, using LabView (National Instruments, Austin, TX).
In each run, the first 10 scans were discarded to allow the magnetization to reach steady state. fMRI data from all 41 participants were preprocessed using the Preprocessing Optimization Toolkit, which identifies the set of preprocessing steps ("pipeline") that optimizes quality metrics of prediction and reproducibility for postprocessing analysis results. 26 This procedure has been shown to significantly improve signal detection, reliability of brain activations, and sensitivity to brain-behavior correlations. 27, 28 The optimal pipeline across all participants was then applied to all fMRI data. For each run, images acquired at each point in the series were aligned volumetrically, using the 3dvolreg plugin for AFNI, to a reference image acquired during the scanning session. The peak range of head motion was less than 1.5 mm for all participants. The coregistration results were also checked visually for additional quality control. We also used principal component analysis to remove volumes in fMRI time series with significant temporal spiking, or significant edge artifact. The RETROICOR technique 29 and PHYCAA+ algorithm 30 were used to estimate and remove structured noise sources from fMRI time-series. We decreased spatial noise variance by convolving the fMRI brain volume with a 6 mm 3D isotropic FWHM Gaussian kernel. The images were also detrended by fitting a first-order Legendre polynomial at each voxel, and regressing it out of the time series; task design was also included as a covariate and regressed out.
Using FSL's FEAT (GLM) tool, we created activation maps for each participant and each experimental condition. These activation maps were then spatially normalized to MNI152 space. FSL's randomize tool 31 was then used to perform second-level group analysis and create maps to identify statistically significant (threshold P < 0.01, F ࣙ 5.1785) group effect clusters in the various contrasts; only clusters larger than 190 L were selected; the mean z-stat values within those clusters for the given contrast were plotted for each participant, within their respective groups.
Results
Behavioral data
The group mean accuracy and response time are shown in Figure 1 . Overall, the hit rate was comparable in both spatial and nonspatial WM tasks, F(1,38) = 1.249, P = 0.271, ƞ p 2 = 0.032. Participants were more accurate in the 1-back than 2-back tasks, F(1,38) = 105.921, P < 0.001, ƞ p 2 = 0.736. The group × task interaction was significant, F(2,38) = 3.865, P = 0.030, ƞ p 2 = 0.169. Separate ANOVA for the spatial and nonspatial WM tasks revealed a main group effect in the nonspatial WM task (F(2,38) = 3.818, P = 0.031, ƞ p 2 = 0.167), with musicians showing better performance than controls (P = 0.014) and bilinguals (P = 0.041). The difference between controls and bilinguals was not significant (P = 0.677). For the spatial WM task, both musicians (86 ± 3.7%) and bilinguals (83 ± 3.8%) showed higher accuracy than controls (76 ± 3.7%), but this difference was not statistically significant, F(2,38) = 1.822, P = 0.176, ƞ p 2 = 0.088. Furthermore, in bilinguals, there was a main effect of task (F(1,12) = 23.798, P < 0.001, ƞ p 2 = 0.665), with bilinguals being better during the spatial than nonspatial WM tasks. The main effect of task was not significant in musicians (F(1,13) = 1.390, P = 0.260, ƞ p 2 = 0.097) or controls (F(1,13) = 0.271, P = 0.612, ƞ p 2 = 0.020). For response times, participants were faster in the spatial than in the nonspatial WM task, F(2,38) = 22.552, P < 0.001, ƞ p 2 = 0.372. The group × task interaction was significant, F(2,38) = 3.719, P = 0.033, ƞ p 2 = 0.164. This was due to the fact that musicians and bilinguals were both faster in the spatial than in the nonspatial WM task (P < 0.05), while controls showed no difference in response times as a function of the task (F(1,13) < 1 in both cases). The main effect of task difficulty was significant, F(2,38) = 55.837, P < 0.001, ƞ p 2 = 0.595, with participants being slower in the 2-back than in the 1-back task.
Imaging data
The whole brain analysis revealed a main effect of group (P < 0.05, corrected, Fig. 2 ). Controls generated greater BOLD response than musicians or bilinguals in the SFG right dorsolateral prefrontal cortex (DLPFC), and left middle temporal gyrus (MTG). Musicians generated greater BOLD response than controls and bilinguals in the left superior temporal gyrus (STG). Notably, bilinguals generated greater BOLD response in left supramaginal gyrus and left DLPFC than controls and musicians, areas that are part of the phonological WM circuit. [32] [33] [34] The activation in the left SFG correlated with accuracy (r = 0.380, P = 0.014), whereas the activation in the other areas was not significantly correlated with task performance.
In addition to the main effect of group, there was a significant interaction between group and task in the right MTG and ventral anterior cingulate cortex (Fig. 3) . In the right MTG, controls showed slightly more elevated BOLD responses during the spatial than nonspatial WM task, while musicians and bilinguals showed the opposite pattern. That is, musicians and bilinguals showed a slightly more elevated BOLD response during the nonspatial than spatial WM task. In the ventral anterior cingulate cortex, both musicians and bilinguals showed greater neural activity during nonspatial than spatial WM task, while controls showed the opposite pattern. In addition, musicians showed greater neural activity during nonspatial WM than bilinguals. The latter difference in activation could partly account for the superior performance in musicians than controls.
The main effect of task revealed significant activations at the frontal and parietal regions and the precuneus and middle occipital lobe ( Table 1) . The category task showed stronger activation at the middle frontal and middle temporal gyri encompassing the ventral pathway (Fig. 4A ), while the location task showed stronger activation at the inferior parietal lobe and occipital gyrus that are part of the dorsal pathway for processing sound location (Fig. 4A) .
The main effect of load revealed significant activations for 2-back over 1-back at the middle, superior, and inferior frontal gyrus, precuneus, and cerebellum (Table 1 ; Fig. 4B ). The group × WM load interaction was not significant, suggesting that increasing task demands yield similar pattern of activation in all three groups.
Discussion
The present study was designed to examine the recruitment of brain regions underlying executive control during auditory WM in musicians and bilinguals. The results showed that musicians outperformed both groups of nonmusicians (i.e., control and bilingual) during WM for sound identity, whereas the difference in performance during the spatial WM task was not statistically significant. The superior performance in musicians for WM to sound identity is consistent with prior research on auditory WM. 35 Notably, bilinguals did not outperform controls. This was unexpected and could be partly due to interference associated with everyday sounds activating semantic representations in both languages. The bilinguals' superior performance during WM for sound location than for sound identity is consistent with this account. That is, in bilinguals, everyday sounds may be activating different representations in L1 and L2, which would compete during WM for sound identity thereby resulting in lower accuracy and slower response times than during WM for sound location. Prior research has shown that bilinguals are often at a disadvantage in a task that requires activation or retrieval process of the mental lexicon. 36 Although we used everyday sounds to minimize speech processing, WM for sound identity does depend on matching the incoming sounds with representations in memory according to their semantic category. This process may take longer and may be sensitive to interference when a sound activates representations from two different lexicons.
Our findings are consistent with those of Bialystok and Depape 8 who evaluated the effect of musical training and bilingualism on conflict processing as measured with a nonverbal Simon task and an auditory Stroop task based on pitch-word conflict (e.g., the word "high" sung in a low note). While monolinguals, bilinguals, and musicians all showed similar performance on background cognitive measures, bilinguals and musicians outperformed monolinguals in the Simon task. Musicians also showed better performance than the other two in the auditory Stroop task. This suggests that music training and bilingualism provide some common benefit in executive functions, as shown by conflict resolution in the spatial Simon task, and that music training additionally imparts unique benefits, at least for tasks requiring attention to auditory stimuli. Moradzadeh et al. 13 investigated whether musical training and bilingualism are associated with enhancements in task switching and dual-task performance. They found reduced switch costs in musicians compared with nonmusicians, suggesting that musical training can contribute to increased efficiency in the ability to shift flexibly between mental sets. There was neither a cognitive advantage for bilinguals relative to monolinguals, nor an interaction between music training and language to suggest additive effects of both types of experience. These findings suggest that long-term musical training is associated with improvements in task switching and dual-task performance.
Though musical training and bilingualism are two substantially different life experiences, those of both musicians and bilinguals appear to modulate processing in the anterior attentional network including the SFG and right DLPFC. Notably, musicians and bilinguals showed lower Significant clusters in the main effects of group, task, and load on activation in the prefrontal lobe, especially at the right DLPFC and the medial SFG compared to nonmusician monolinguals. These two areas, especially the medial SFG, have been found to reflect a common resource pool recruited by increased attentional and WM demands. 37 Prior studies using the Stroop task have also revealed activation in the SFG and anterior cingulate, 38 which is thought to play an important role in cognitive control and executive functions. Other studies have shown that engagement of a Stroop task not only shows increased activation in the central executive regions (such as the DLPFC, anterior cingulate, and middle temporal cortex)-but also decreased activation in the SFG as part of the default mode network during endogenous (orienting) attention. 39 Hence, there are two possible accounts for reduced BOLD signal in musicians and bilinguals than controls. First, the life experience of musical training and dual-language use might have strengthened the central executive control mechanism for these individuals, leading to reduced neural resources needed for the successful engagement of executive function task, that is, the 1-back and 2-back WM task. This is akin to the neural efficiency account 40 and would imply that musicians and bilinguals require less effort to successfully perform the WM tasks than controls thereby generating lower prefrontal activation than controls. Second, the suppression of the default mode network might be more efficient in musicians and bilinguals, preparing them for better task performance in increased WM load than controls. Finally, musicians and bilinguals may also be more efficient during both the WM tasks and in suppressing the default mode network.
Musicians and bilinguals also showed distinct task-specific patterns of activation in the anterior cingulate compared to controls. They showed higher activation during WM for sound identity than for sound location, whereas controls showed the opposite pattern. Previous research has shown that the anterior cingulate cortex plays a critical role in executive function related to WM, and that deficits in verbal WM can be a result of the deterioration of cognitive control due to decreased activation of the anterior cingulate cortex. 41 In this way, musical training and bilingualism might be protective factors against age-related executive function decline. 
Effects of musical training
Musicians showed higher BOLD response in the left auditory cortex than bilinguals or controls. This finding is consistent with prior research demonstrating increased gray matter density in the auditory cortices of musicians, 42, 43 as well as higher activation in the STG. 43 Although increasing listening effort has been associated with increased activity in the STG, 44 the observed enhanced activity in the auditory cortices is unlikely to reflect listening effort. Prior research has shown that differences in brain activation between musicians and nonmusicians are also observed when both groups matched behavioral performance in auditory WM. 45 In the present study, the increased activation may reflect increased encoding of acoustic details, which in turn would facilitate sound object discrimination and identification. Evidence from scalp recording of ERPs has revealed more enhanced brainstem and cortical-evoked responses to speech sounds in musicians than nonmusicians, which coincided with quicker categorization of speech sounds. 46 Neuromagnetic and ERP studies have also revealed enhanced neural responses from the auditory cortices of musicians. [47] [48] [49] Effects of bilingualism Bilinguals showed higher BOLD responses in the left DLPFC and left supramarginal gyrus than musicians and monolinguals. Since both brain areas are known to play an important role in verbal WM 50, 51 and speech processing, 52 the enhanced activity may reflect greater recruitment of speechrelated areas during auditory WM, especially when the task required making categorical decisions about the incoming stimuli. That is, in bilinguals, stronger neural activity in the left DLPFC could be accounted for by greater effortful attentional control engaged in our WM task. Transcranial magnetic stimulation on the left DLPFC has been associated with shorter ERP latency of an endogenous component of attentional control, 53 which suggests that the left DLPFC has a specific role in actively preparing for a specific task in the presence of a distracting task.
What versus where
Consistent with prior studies, WM for sound location was associated with greater activity in the dorsal brain region when compared to WM for sound identity. [54] [55] [56] This pattern of activation is consistent with the dual pathway model, [57] [58] [59] [60] which posits that localizing auditory events recruits the dorsal brain regions to a greater extent than tasks that require identifying them.
Working memory load
Participants were more accurate in the 1-back than 2-back tasks. This was expected and is consistent with prior work. 56, 61, 62 It also confirms that our experimental manipulation was effective in increasing listening demands. Increasing WM load was associated with enhanced activity in the posterior parietal region and anterior prefrontal cortex. The changes in brain activation with increasing WM demands were not statistically different between musicians, bilinguals, and controls. Although our sample size was sufficient to detect group differences, it might not have been sufficient to detect more subtle group differences in patterns of activation as a function of WM load. Further studies using larger sample sizes are needed to address this possibility.
Limitations
The present study reveals significant differences in brain activation between musicians, bilinguals, and nonmusician monolingual control participants. Although we used current best practices in the design and analyses of our fMRI data, it is possible that differences in the patterns of activation observed between musicians, bilinguals, and nonmusicians monolinguals may change with increasing sample size. Moreover, our bilingual group was fairly heterogeneous with regard to their language background. It is unclear whether the two learned languages of bilinguals would impact processing of nonverbal material. Also, to our knowledge, there is no evidence in the literature that the reported effects of bilingualism depend on whether the bilingual group is homogeneous or heterogeneous. Nonetheless, further research using a larger sample of musicians and bilinguals and greater homogeneity in the bilingual sample is needed to rule out these possibilities and to advance our understanding of the neurocognitive changes associated with these life experiences.
Conclusion
The findings suggest how musical and linguistic experiences differentially shape the brain at the functional level and how similar behavioral performance could be achieved involving different brain networks. Furthermore, our results emphasized the importance of experience-induced plasticity, showing that the general brain networks referred to as the "what" and "where" pathways could be influenced by experience, questioning traditional brain organization models. Finally, our results suggest that the WM advantage in musicians and bilinguals results at least in part from more efficient use of neural resources.
